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Components Mass	(g) Paste	Proportion	(wt.%) Solids	Proportion	(wt.%)
Keywords:	NRVB;	Nirex	reference	vault	backfill;	Carbon	dioxide;	Carbonation;	Cement;	Intermediate	level	waste;	Immobilization;	Radioactive;	Nuclear
Ordinary	Portland	cement 450 26.01 40.36
Limestone	flour 495 28.61 44.39
Hydrated	lime 170 9.83 15.25
Water 615 35.55 –


























































440 0.24 0.19 0.23
420 0.21 0.12 0.22
400 0.18 0.26 0.21
380 0.18 0.12 0.20
360 0.16 0.14 0.19
340-350 0.17 0.15 0.21
320-330 0.15 0.22 0.21
300-310 0.16 0.23 0.23
290-300 0.18 0.26 0.20
270-280 0.24 0.26 0.20
250-260 0.23 0.12 0.20
230-240 0.20 0.20 0.21
210-220 0.20 0.15 0.24
180-200 0.17 - 0.23
160-180 0.22 0.18 0.15
140-160 0.23 0.14 0.20
120-140 0.21 0.19 0.17
90-120 0.24 0.13 0.18
110-90 0.17 0.20 0.18
60-90 0.16 0.20 0.17
50-60 0.16 0.19 0.19
40-50 0.17 0.18 0.17
30-40 0.15 0.20 0.19
20-30 0.78 0.19 0.17






















The	most	 striking	difference	between	 regions	 of	 carbonated	 and	non-carbonated	NRVB	 shown	 in	Fig.	4	was	 the	 distribution	 of	 S,	which	was	 either	 depleted	 (carbonated	 region),	 low	 (non-carbonated	 region)	 or	 enriched
















Selected	slices	of	 the	representative	volume	of	 interest	 (VOI,	601 × 601 × 601	voxels	at	5 μm	resolution)	 for	samples	assessed	from	Cores	1	and	3	are	shown	in	Fig.	6	The	brightest	 isolated	phase	regions	were	assigned	 to
unreacted	Portland	cement	particles	(Gallucci	et	al.,	2007).	In	the	case	of	the	partially	carbonated	regions	(Fig.	6b	and	(e))	there	was	also	a	very	bright	feature	corresponding	to	the	accumulation	of	carbonation	reaction	products	at	the

























 Sample	1 33.3 – –
 Sample	2 22.0 41.4 37.9
9
 Sample	1 36.5 – –
 Sample	2 31.7 43.2 43.5
 Average 30.9 42.2 40.7














The	distribution	of	major	and	minor	elements	was	mapped	using	BSEM-EDXA	for	several	 regions	of	Core	1	closely	matching	 those	examined	by	other	 techniques.	Data	acquired	across	 the	principal	carbonation	 front	are
presented	in	Fig.	9,	where	a	major	change	in	the	microstructure	of	the	hardened	grout	upon	carbonation	can	be	observed.	The	decomposition	of	the	fine-grained	C–S–H	gel	matrix	and	the	formation	of	a	very	fine-grained	mixture	of
calcium	carbonate	 and	 silica-rich	material	 at	 a	micron	 scale	 can	be	observed,	 accompanied	by	 the	development	 of	 very	 concentric	 fine	 shrinkage	 cracks	 cemented	by	 secondary	 calcium	carbonate.	This	 in	 agreement	with	 other
experiments	on	the	carbonation	of	NRVB	and	other	Portland	cements	(e.g.	Rochelle	and	Milodowski,	2013).
In	agreement	with	LA-ICP-MS	results,	the	EDXA	elemental	maps	recorded	across	the	main	carbonation	reaction	front	(Fig.	8)	show	that	carbonation	resulted	in	significant	chemical	changes	and	movement	of	major	chemical


































Calcite Aragonite Dolomite Portlandite Ettringite Gypsum Quartz
1 0.1 96.7 0.7 1.9 0.6 Mono.	7.1 Å 0.000 Carbonated	zone
0.7 96.6 0.6 1.8 1.0 Mono.	7.1 Å 0.000 Carbonated	zone
0.9 97.2 1.8 1.0 Mono.	7.1 Å 0.000 Main	carbonation	reaction	font
30.7 85.1 9.7 4.0 1.2 Mono.	7.1 Å 0.042 Relatively	unaltered	NRVB	distant	from
reaction	front
48.8 83.8 8.9 5.2 2.1 Mono.	7.1 Å 0.056 Relatively	unaltered	NRVB	distant	from
reaction	front
3 0.2 91.8 – 0.6 – – 2.4 <0.5 Mono.	7.1 Å 0.000 Carbonated	zone
0.6 90.8 – 0.6 – – 2.2 0.9 Mono.	7.1 Å 0.000 Main	carbonation	reaction	font
1.2 82.3 3.1 <0.5 1.8 2.6 3.1 1 Mono.	7.1 Å 0.021 Matrix	immediately	in	front	of	reaction	front
20.0 73.2 9 – 5 3.2 – 0.9 Mono.	7.1 Å 0.061 Relatively	unaltered	NRVB	distant	from
reaction	front
44.8 74.4 7.6 – 5.3 3.1 – 1.1 Mono.	7.1 Å 0.065 Relatively	unaltered	NRVB	distant	from
reaction	front
2 0.1 93.6 – 0.6 – – – <0.5 Mono.	14.1 Å 0.000 Carbonated	zone
0.5 90.7 – 0.6 <0.5 2.3 – 0.9 Mono.	14.1 Å 0.000 Main	carbonation	reaction	font
0.7 60.2 – – 24 7.7 – 0.8 Mono.	14.1 Å 0.399 Relatively	unaltered	NRVB	distant	from
reaction	front
21.5 61.9 – – 22.5 4 3.9 <0.5 Mono.	14.1 Å 0.363 Relatively	unaltered	NRVB	distant	from
reaction	front






















ahead	of	 the	main	reaction	front	still	contains	significant	portlandite.	However,	 the	portlandite:	 total	CaCO3	ratios	progressively	 increase	with	 increasing	distance	from	this	 front.	This	 implies	that	carbonation	has	occurred	 in	the














































high	CO2	 pressure,	when	compared	 to	 the	1–4 kPa	partial	 pressure	used	 in	most	 cement/concrete	 carbonation	 tests	 (with	 the	 exception	of	 100%	CO2	 or	 supercritical	 conditions	used	 in	occasional	 specialised	work).	Under	 those




In	 analysing	 the	 XRD	 results	 further,	 it	 is	 relevant	 to	 discuss	 the	 following	 points	 in	more	 detail.	 There	 is	 significant	 formation	 of	 secondary	 calcium	 carbonate	 behind	 the	main	 reaction	 front	 (defined	 by	 the	 extent	 of
phenolphthalein	staining	as	shown	in	Table	4),	and	within	the	main	carbonated	region	behind	the	reaction	front,	nearly	all	the	portlandite,	C–S–H	and	calcium	(sulfo)aluminate	hydrate	phases	are	replaced	by	calcite.	Calcite	is	the
principal	carbonate	phase	precipitated,	although	a	small	amount	of	aragonite	is	sometimes	present.
This	study	also	demonstrates	that	the	impact	of	carbonation	extends	well	beyond	the	apparent	limit	of	reaction	indicated	by	phenolphthalein	staining,	and	reaction	has	occurred	throughout	the	sample.	Even	in	the	regions
furthest	from	the	centre	of	the	vent,	where	phenolphthalein	staining	suggests	that	carbonation	has	not	taken	place,	the	XRD	and	petrographic	observations	show	that	portlandite	and	C–S–H	have	partially-reacted	with	CO2	to	produce
secondary	calcium	carbonates.	This	is	reflected	in	the	portlandite:	CaCO3	ratio,	which	progressively	decreases	with	increasing	distance	from	the	reaction	front,	and	by	the	presence	of	portlandite	crystals	armoured	by	reaction	rims	of
CaCO3	in	the	“relatively	unaltered”	cement.	The	XRD	and	petrographic	results	clearly	indicate	that	the	extent	of	carbonation	is	underestimated	by	phenolphthalein	staining.	The	petrographic	observations	clearly	showed	the	growth	of
secondary	calcite	within	the	partially	carbonated	grout	matrix.	Petrographically,	it	is	possible	to	differentiate	between	the	calcite	originally	present	in	the	limestone	flour	and	the	secondary	calcite	formed	from	the	carbonation	of	other
phases,	and	this	supports	the	observations	made	using	XRD.	Finally,	there	appears	to	be	a	distinct	relationship	between	the	amount	of	carbonation	and	the	radial	proximity	to	the	centre	of	the	vent;	material	closest	to	the	vent	has	been
carbonated	more	than	material	further	away	from	the	vent.
The	complete	carbonation	of	the	cement	phases	of	the	backfill	that	are	in	close	proximity	to	the	carbon	dioxide	is	to	be	expected,	since	one	of	the	roles	of	the	phases	such	as	portlandite,	calcium	silicate	hydrate	and	calcium
aluminate	hydrate	are	to	react	to	reduce	the	migration	of	14CO2.
Of	greater	importance	is	that	some	carbonation	occurs	throughout	the	sample,	indicating	that	migration	and	reaction	of	the	carbon	dioxide	is	not	restricted	to	the	fully	carbonated	zone	only	but	also	extends	deeper	into	the
cement	beyond	this	reaction	front.	This	may	impact	on	understanding	and	modelling	the	migration	and	retardation	of	14CO2	derived	from	
14C-bearing	wastes	in	the	GDF	and	the	development	of	the	safety	case.
5	Conclusions
The	main	conclusions	resulting	from	this	work	are:
• For	the	high	lime	and	limestone	with	Portland	cement	NRVB	grouts,	while	carbonation	leads	to	the	formation	of	a	distinct	carbonation	front,	there	was	clear	evidence	of	partial	carbonation	occurring	well	beyond	the	main	reaction	front.
• Three	distinct	regions	were	identified	in	the	hardened	NRVB	grouts;	carbonated,	partially	carbonated	and	uncarbonated.	Within	the	partially	carbonated	region,	a	carbonation	front	and	a	partially	carbonated	zone	were	discerned.
• K,	and	to	a	lesser	extent	Na,	were	concentrated	within	a	1–2 mm	deep	zone	in	the	carbonated	region	just	behind	the	main	reaction	front.
• The	area	just	ahead	of	the	carbonation	front	was	enriched	in	both	S	and	Al,	and	S	is	depleted	from	the	carbonated	material	behind	the	main	reaction	front.
• Within	the	main	carbonated	region,	virtually	all	of	the	hydrated	cement	phases	(portlandite,	calcium	silicate	hydrate	and	calcium	aluminate	hydrate)	were	carbonated	and	calcite	was	the	predominant	phase.	Aragonite	was	also	formed,	but	this
appears	to	be	initially	formed	ahead	of	the	main	reaction	front,	and	was	possibly	destabilized,	replaced	and	altered	to	calcite	as	more	extensive	carbonation	proceeds.
• Some	carbonation	had	occurred	throughout	the	sample.	Even	within	material	indicated	by	phenolphthalein	solution	to	be	uncarbonated,	partial	carbonation	had	occurred.
• The	porosity	of	the	carbonated	grout	is	lower	than	in	the	uncarbonated	material	due	to	replacement	of	pore	space	with	precipitated	calcium	carbonate.	However,	the	highest	porosity	was	observed	in	the	partially	carbonated	region.
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Footnotes
1Calcium	silicate	hydrate	is	the	principal	binding	phase	in	Portland	cement	based	systems.	C,	S	and	H	indicate	the	oxides	of	calcium,	silicon	and	hydrogen	respectively,	while	the	hyphens	reflect	the	variable	composition	of	the	material.
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Highlights
• Carbonation	of	a	potential	backfill	resulted	in	fully,	partially	and	uncarbonated	zones.
• Potassium	(and	to	a	lesser	extent	sodium)	were	concentrated	in	the	carbonated	region.
• Sulphur	and	aluminium	were	found	to	be	enriched	just	ahead	of	the	carbonation	front.
• Carbonation	impacted	the	porosity	and	mineral	assemblage	of	the	backfill	material.
